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Major taxa studied: Quercus	(Fagaceae).
Methods: We	used	a	dated	phylogeny	and	distribution	data	for	Quercus	to	evaluate	
its	global	species	richness	patterns	and	phylogenetic	niche	conservatism.	To	evaluate	






Results: The	 relationships	 between	 species	 richness	 and	 climate	were	 not	 signifi‐
cantly	different	among	continents	 for	both	 the	genus	Quercus	 as	a	whole	and	 the	
subgenus	Quercus.	Unlike	the	models	based	on	European	data,	those	based	on	North	
American	and	eastern	Asian	data	predicted	both	the	global	species	richness	and	the	
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1  | INTRODUC TION
Large‐scale	 species	 richness	 patterns	 have	 intrigued	 ecologists	 for	
more	 than	 two	 centuries	 (Lomolino,	 Riddle,	 Whittaker,	 &	 Brown,	
2010).	 The	 underlying	mechanisms	 of	 these	 patterns	 are	 not	 fully	






whether	 the	 relationships	 between	 species	 richness	 and	 environ‐
mental	variables	are	consistent	across	different	continents	 remains	
controversial	 (Currie	&	Francis,	2004;	Latham,	Ricklefs,	&	Schluter,	
1994;	Qian,	 Jin,	 &	 Ricklefs,	 2017;	Qian	 &	 Ricklefs,	 2000;	 Ricklefs,	
1987,2004;	Ricklefs	&	He,	2016;	Ricklefs,	Latham,	&	Qian,	1999).
Based	 on	 the	 strong	 correlation	 between	 species	 richness	 and	
environmental	variables,	ecologists	have	argued	 that	contemporary	




and	 Paquin	 (1987)	 built	 a	 logistic	 model	 between	 species	 richness	
and	actual	annual	evapotranspiration	using	the	distributions	of	North	
American	 trees,	 and	 they	demonstrated	 that	 this	model	 could	 pre‐
dict	 the	 tree	 species	 richness	 in	Great	 Britain	 and	 Ireland.	O’Brien	
















Species	 richness	 anomalies	 occur	 when	 regions	 with	 similar	 en‐
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as	well	 as	 testing	 the	 consistency	 of	 the	 species	 richness–climate	
relationship	across	continents.	We	assessed	the	regional	effects	on	
species	 richness	 using	 continents	 as	 a	 variable	 to	 reflect	 the	 long	
isolation	and	independent	geological	history	of	each	continent.
2  | DATA AND METHODS
2.1 | Species distribution data
Quercus	 species	 distribution	 data	 were	 obtained	 from	 the	 global	
Quercus	distribution	database	(Xu	et	al.,	2013,	2016),	which	includes	
over	20,000	distribution	records	for	c. 400 Quercus	species	collected	










in	Eurasia.	The	 species	distributed	 in	North	America	belong	 to	 the	
endemic	group	Lobatae (108	species),	group	Protobalanus	(5	species)	
and	 group	Quercus	 (107	 species).	 Similarly,	 the	 species	 distributed	




tive	divisions,	 also	known	as	 country	 subdivisions.	Global	 adminis‐
trative	areas	 (GADM)	were	downloaded	from	the	GADM	database	





a	mean	 area	 of	 210,616	±	49,728.96	 km2,	 and	70%	areas	 between	








To	 estimate	 the	 effects	 of	 contemporary	 climate,	 habitat	 hetero‐
geneity	 and	 past	 climate	 change	 on	Quercus	 species	 richness,	 we	
selected	 variables	 that	 have	been	widely	 used	 in	 previous	 studies	
and	are	easily	 interpretable	 in	 a	biological	 context.	Contemporary	
climate	 variables	were	 grouped	 into	 three	 types	 representing	 en‐
vironmental	 energy	 availability,	water	 availability	 and	 climate	 sea‐
sonality	(Table	1).	Energy	availability	variables	included	mean	annual	
temperature	 (MAT,	 °C),	 mean	 temperature	 of	 the	 coldest	 quarter	
















tial	 information	 (http://www.cgiar‐csi.org/).	 PET	 was	 calculated	
using	the	Hargreaves	method,	which	requires	less	parameterization	
and	reduces	sensitivity	 to	climatic	 input	errors	 (Fisher,	Whittaker,	
&	 Malhi,	 2011;	 Trabucco,	 Zomer,	 Bossio,	 Straaten,	 &	 Verchot,	
2008).	WD	was	calculated	as	the	difference	between	PET	and	AET.	
PETmin	was	calculated	as	monthly	minimum	PET	of	a	year.	Rainfall	
was	 calculated	 as	 the	 sum	 of	monthly	 precipitation	 values	 when	
mean	monthly	temperature	was	above	0°C	(Francis	&	Currie,	2003).	
RALT,	RMAT	and	RMAP	were	calculated	as	 the	 range	of	 altitude,	






available	 LGM	 simulations	 based	 on	 the	MIROC‐ESM	(The	 Earth	
system	 model,	 Model	 for	 Interdisciplinary	 Research	 on	 Climate‐
Earth	 system	 model),	 MPI‐ESM‐P	(Max‐Planck‐Institute	 Earth	




tween	variables	 are	 shown	 in	Table	S2	 in	Supporting	 Information	
Appendix	S2.
3  | DATA ANALYSES
3.1 | Phylogenetic niche conservatism of Quercus
To	 determine	 whether	 the	 species	 richness–climate	 relation‐
ship	 is	 mediated	 by	 climatic	 niche	 conservatism,	 as	 suggested	
by	 Xu	 et	 al.	 (2013),	 we	 reconstructed	 ancestral	 climatic	 niches	
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and	 estimated	 the	 phylogenetic	 niche	 conservatism	 for	 each	





ing	 (RAD	 seq)	 approach	 likely	 provides	more	 reliable	 estimates	
of	phylogenetic	relationships	among	species	than	traditional	ap‐





two	 trees	 were	 merged	 directly	 based	 on	 overlapping	 species	
F I G U R E  1   (a)	Global	patterns	of	Quercus	species	richness	and	species	composition	on	each	continent	(the	species	richness	data	were	
updated	from	Xu	et	al.,	2016).	(b–g)	Global	patterns	of	the	species	richness	for	the	six	groups	of	Quercus	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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(Bininda‐Emonds,	 2004;	 Gordon,	 1986).	 Two	 species	 from	 the	
North	American	 tree	were	 removed	 in	 the	consensus	 supertree	
because	 one	 species	was	 not	 identified	 and	 the	 other	 (Quercus 
baronii)	 showed	 a	 conflicting	 branch	 length	 with	 the	 Eurasian	
tree.	 In	 total,	 our	 consensus	 supertree	 contains	 188	 species	
(Supporting	 Information	Appendix	 S4).	 The	 crown	 age	of	 genus	
Quercus	 and	 the	 divergence	 time	 between	 one	 clade	 contain‐
ing	 group	 Quercus,	 group	 Lobatae,	 group	 Protobalanus and	 the	
other	 clade	 containing	 group	 Cerris,	 group	 Ilex	 and	 subgenus	
Cyclobalanopsis	 in	the	consensus	supertree	were	extracted	from	




clade	 (group	Lobatae,	 group	Quercus	 and	group	Protabalnus)	 using	
the	“ace”	function	in	the	R	package	ape	(Paradis,	Claude,	&	Strimmer,	
2004).	 Blomberg’s	K	 (Blomberg,	Garland,	&	 Ives,	 2003),	 as	 imple‐
mented	by	phyloSignal	 in	 the	R	package	phylosignal	 (Keck,	Rimet,	
Bouchez,	&	Franc,	 2016),	was	 employed	 to	 quantify	 the	 phyloge‐
netic	 signal	 of	 each	 climatic	 variable	 because	 it	 is	 insensitive	 to	
sample	size	(Munkemuller	et	al.,	2012).	Blomberg’s	K	was	estimated	
using	the	subtrees	for	each	Quercus	group.	Higher	K‐values	indicate	
stronger	 phylogenetic	 niche	 conservatism	 (i.e.,	 close	 relatives	 are	
more	 similar	 in	 their	 climatic	niches	 than	expected	based	on	phy‐
logenetic	relationships).	The	phylogenetic	signal	of	all	climatic	vari‐
ables	was	compared	among	clades/groups.	Because	evolution	mode	
could	 influence	 the	 conservatism	 of	 phenotypic	 traits,	 we	 fitted	
three	evolution	models	to	each	climatic	variable	to	investigate	the	
mode	of	evolution	of	climatic	niches	 (Blomberg	et	al.,	2003)	using	
the	 R	 package	 Geiger	 (Harmon,	 Weir,	 Brock,	 Glor,	 &	 Challenger,	
2008).	The	three	models	were	the	(a)	Brownian	motion	model	(BM)	
(Felsenstein,	 1973),	 (b)	Ornstein–Uhlenbeck	model	 (OU)	 (Butler	&	
King,	 2004)	 and	 (c)	 early‐burst	model	 (EB)	 (Harmon	 et	 al.,	 2010).	
Climatic	 variables	 of	 each	 species	 were	 calculated	 as	 the	 mean	
values	 within	 their	 distribution	 ranges	 (Supporting	 Information	
Appendix	S3).	The	mean	values	of	mean	annual	temperature,	mean	














analysis	 of	variance	 (ANOVA).	 In	 particular,	ANOVA	was	 performed	
for	each	climatic	variable,	 in	which	species	richness	was	used	as	the	
response	 variable,	 continent	 (represented	 by	 eastern	 Asia,	 North	










2008).	A	 series	 of	models	with	 spatial	weights	 at	 distances	 ranging	
TA B L E  1  Climate	variables	and	their	abbreviations	used	in	the	
analyses














































consistent	 results	 (see	Table	S3	 in	Supporting	 Information	Appendix	
S2)	with	the	bivariate	regression	models.
We	constructed	separate	multiple	regression	models	based	on	our	
global Quercus	 dataset	 and	 the	 datasets	 for	 Europe,	North	America	
and	eastern	Asia.	We	 selected	 four	previously	proposed	models	 for	
the	relationships	between	species	richness	and	climate.	The	first	three	











structed	 the	 fourth	 model	 as	 Richness	~	Rainfall	+	PETmin	+	Rainfal










mean	squared	error	 (RMSE)	and	adjusted	 r2	 for	each	prediction	to	





The	 six	 groups	 of	 oaks	 showed	 distinct	 distributions	 and	 spe‐






































r2	 of	 the	 four	models	 for	 subgenus	Quercus are	higher	 than	 those	




richness	variation	 (whole	genus,	 r2adj.	=	0.710,	p < 0.001,	subgenus	
Quercus,	 r2adj.	=	0.581,	p < 0.001,	Table	4	 in	maintext	and	Table	S5	
in	Supporting	 Information	Appendix	S2)	and	could	predict	 species	
richness	 in	 other	 continents	 with	 the	 lowest	 RMSEs	 compare	 to	
other	three	models	(Figure	4).	However,	when	we	used	EU	models	
(the	model	built	with	European	data)	to	predict	eastern	Asia,	North	








5.1 | Consistent oak richness–climate relationships 
across the Northern Hemisphere
Despite	 differences	 in	 the	 species	 composition	 of	Quercus	 flora	
among	 continents,	 we	 did	 not	 find	 significant	 regional	 effects	
on	 the	 species	 richness	 of	 the	 entire	 genus	 and	 the	 temperate	
     |  1057XU et al.
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subgenus	Quercus.	 This	 finding	 suggests	 that	 the	 eastern	 Asian	
species	 richness	 anomaly	 is	 not	 present	 in	 this	 group.	 Species	
anomalies	 between	 eastern	 Asia	 and	 eastern	 North	 America	
mainly	 exist	 for	 Tertiary	 relict	 lineages,	 which	 were	 extirpated	
from	 North	 America	 in	 the	 late	 Tertiary	 due	 to	 climate	 cooling	








that	 the	 species	 richness	 anomaly	 between	 North	 America	 and	
eastern	Asia	might	not	exist	for	temperate	lineages.
Our	 results	 showed	 that	Quercus	 species	 richness	was	 a	 func‐
tion	of	energy,	water	and	their	interaction	(Table	4),	which	conforms	
with	the	tree	species	richness–climate	models	proposed	in	previous	
studies	 (Field	 et	 al.,	 2005;	 Francis	&	Currie,	 2003;	Hawkins	 et	 al.,	
2003;	O’Brien,	1998;	O’Brien	et	al.,	2000;	Whittaker,	Nogues‐Bravo,	













5.2 | Phylogenetic niche conservatism and species 
richness–climate relationships
The	current	consistent	Quercus	richness–climate	relationship	across	
continents	 may	 be	 the	 result	 of	 the	 evolutionary	 history	 of	 this	
genus	(Xu	et	al.,	2013).	According	to	the	niche	conservatism	hypoth‐
esis,	species	tend	to	track	their	ancestral	niches	and	have	difficul‐
ties	 in	 adapting	 to	 new	 environments	 (Wiens	 et	 al.,	 2010).	When	
climate	deviates	from	its	ancestral	climate,	the	constraints	on	spe‐
cies	richness	 induced	by	climate	tend	to	be	strengthened,	and	the	
species	 richness	 of	 a	 clade	 normally	 decreases.	Moreover,	 groups	













et	 al.,	 2013).	 Here,	 we	 found	 stronger	 phylogenetic	 conservatism	
in	 the	 climatic	 niches	 represented	by	energy,	water	 and	 seasonal‐
ity	variables	for	the	temperate	groups	Quercus and Lobatae	and	the	
entire	 genus	than	 for	tropical	 group	 Cyclobalanopsis.	 Thus,	 niche	







Cyclobalanopsis Lobatae Quercus Cerris + Ilex Full tree
n = 35 n = 54 n = 87 n = 8 n = 188
Energy MAT 0.223 2.063***  1.405***  0.486 0.462*** 
MTCQ 0.216 2.738***  1.383***  0.831 0.503*** 
PET 0.233 3.001***  1.921***  0.337 0.782*** 
PETmin 0.229 3.841***  2.015***  0.858*  0.732*** 
Water MAP 0.199 0.780**  1.002***  0.902 0.566*** 
AET 0.271 0.820*  1.189***  1.003 0.791*** 
Rainfall 0.200 0.799***  1.067***  0.928 0.593*** 
PCQ 0.250 1.073***  0.807***  1.032*  0.556*** 
Seasonality TSN 0.150 0.518 0.576*  0.870 0.177
ART 0.215 2.617***  1.086***  0.856*  0.540*** 





TA B L E  2  Phylogenetic	signals	for	
different	climatic	variables	evaluated	
using	Bloomberg’s	K
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subgenus	Quercus,	 fossil	 records	 suggested	 its	 diversification	 in	
the	Oligocene	in	North	America	when	climate	became	cooler	and	
dryer.	Species	from	this	subgenus	might	have	dispersed	from	North	
America	 to	Eurasia	 through	 the	Bering	and	 the	potential	Atlantic	
land	bridges	during	glaciation	periods	 (Denk,	Grimsson,	&	Zetter,	
2010,2012).	 Its	 strong	 niche	 conservatism	may	 have	 constrained	
the	 species	 of	 this	 group	 to	 similar	 climates	 across	 continents,	
leading	 to	 consistent	 richness–climate	 relationships	 in	 different	
continents.
The	high	species	richness	of	the	groups	Quercus and Lobatae	 is	
likely	 the	 result	 of	 the	 expansion	 of	 temperate	 forests	 and	 grass‐
lands	in	North	America	due	to	continuous	cooling	and	drying	since	
the	Oligocene	(Axelrod,	1983).	Dating	results	showed	that	the	crown	
age	 of	 these	 two	 groups	was	 c. 34	Ma,	which	 corresponds	 to	 the	
Eocene–Oligocene	 climate	 cooling	 and	 drying.	 Fossil	 records	 also	
provide	evidence	that	species	from	group	Quercus	and	group	Lobatae 
were	 widely	 distributed	 in	 high	 latitude	 regions	 of	 the	 Northern	
Hemisphere	 (Denk,	 Grimsson,	 &	 Zetter,	 2010,	 2012).	When	 com‐
pared	to	Cyclobalanopsis,	 the	species	from	these	two	groups	show	
generally	 higher	 phylogenetic	 niche	 conservatism,	which	 probably	






Middle	 Eocene,	when	 forests	 covered	North	America	 and	 the	 cli‐











We	 did	 not	 detect	 significant	 phylogenetic	 signals	 for	 climatic	
niche	variables	in	the	subgenus	Cyclobalanopsis.	Currently,	we	have	

























































































































































































































































































































































































































































































































































































































































































































































































































































































5.3 | Effects of Quaternary climate change on oak 
species richness
Climate	cooling	and	glaciation	since	the	Quaternary	has	contributed	
to	 current	 species	 richness	 patterns	 likely	 through	 local	 extinc‐
tions	and	species	 range	contraction.	Species	extinction	during	 the	
Quaternary	in	eastern	Asia	was	less	severe	than	that	in	Europe	and	
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North	America,	which	has	been	regarded	as	one	of	the	reasons	for	
high	 species	 richness	 in	 eastern	Asia	 (Latham	et	 al.,	 1994;	Qian	&	
Ricklefs,	2000).	In	contrast,	our	study	showed	that	the	explanatory	
power	of	temperature	anomalies	since	the	LGM	for	species	richness	
of	 the	subgenus	Quercus	was	higher	 in	eastern	Asia	 than	 in	North	
America	and	Europe.	One	possible	explanation	of	this	pattern	is	that	
it	was	easier	for	species	to	track	climate	change	through	the	south–
north	 mountain	 ranges	 in	 North	 America	 during	 the	 Quaternary	
climatic	oscillations	compared	to	the	east–west	mountain	ranges	in	
eastern	Asia	and	Europe.	Pollen	fossil	studies	showed	that	Quercus 
and	 other	 dominant	 tree	 species	 have	 expanded	 their	 ranges	 fol‐
lowing	 climate	 change	 since	 the	 LGM	 with	 a	 lag	 of	 <1,500	years	
(Jackson	 et	 al.,	 2000).	 This	 probably	 also	 explains	 the	 stronger	
species	 richness–climate	 relationship	 for	 the	 subgenus	Quercus in 
North	America	than	eastern	Asia	and	suggests	that	species	richness	
in	North	America	 is	more	 likely	to	be	 influenced	by	recent	climate	
change.





erogeneity	 in	 providing	 refuges	 and	 cradles	 for	 species	 evolution	
and	 offering	 greater	 habitat	 variability,	 enabling	 species	 coexist‐
ence	 (Andrews	&	O’Brien,	2000;	Kerr	&	Packer,	1997;	Tews	et	al.,	
2004).	 However,	 our	 results	 revealed	 that	 habitat	 heterogeneity	






of	 habitat	 heterogeneity	 on	 species	 richness	in	 Europe	 (Svenning,	
Normand,	&	Skov,	2008).
6  | CONCLUSIONS
In	 contrast	 to	 the	 subtropical	 subgenus	 Cyclobalanopsis,	 our	 re‐
sults	 support	 a	 consistent	 species	 richness–climate	 relationship	
for	oaks	 in	 the	 temperate	subgenus	Quercus	across	 the	Northern	
Hemisphere,	 representing	 the	 effects	 of	water,	 energy	 and	 their	
interaction.	We	 did	 not	 find	 significant	 regional	 effects	 on	 spe‐
cies	 richness	patterns	of	 the	 temperate	subgenus	Quercus,	which	
suggests	 that	 the	 species	 distribution	 and	 richness	 of	 temperate	
groups	 (e.g.,	 subgenus	Quercus)	may	have	 reached	an	equilibrium	
with	the	contemporary	climate.	The	high	level	of	niche	conserva‐
tism	and	adaptation	to	cool	and	dry	climate	adopted	by	the	tem‐
perate	 groups	 of	Quercus	 may	 have	 played	 an	 important	 role	 in	
establishing	 its	 globally	 consistent	 richness–climate	 relationship	
across	the	Northern	Hemisphere.	Our	results	suggest	that	the	dis‐





of	 China	 (#31400467,	 #31522012,	 #31470564,	 #31621091,	
#31650110471),	 National	 Key	 Research	Development	 Program	 of	
China	 (#2017YFA0605101),	 and	 Fundamental	 Research	 Funds	 for	
the	central	Universities	 (#YJ201721).	D.D.	 and	C.R.	 received	addi‐
tional	support	from	the	Danish	National	Research	Foundation	grant	
DNRF96	to	the	Center	for	Macroecology,	Evolution	and	Climate.




















Xiaoting Xu  https://orcid.org/0000‐0001‐8126‐614X 
Dimitar Dimitrov  https://orcid.org/0000‐0001‐5830‐5702 
R E FE R E N C E S
Andrews,	P.,	&	O’Brien,	E.	M.	(2000).	Climate,	vegetation,	and	predictable	
gradients	in	mammal	species	richness	in	southern	Africa.	Journal of 
Zoology,	 251,	 205–231.	 https://doi.org/10.1111/j.1469‐7998.2000.
tb00605.x
Axelrod,	D.	 I.	 (1983).	Biogeography	of	oaks	 in	 the	Arcto‐Tertiary	prov‐
ince. Annals of the Missouri Botanical Garden,	70,	629–657.	https://doi.
org/10.2307/2398982
Bininda‐Emonds,	 O.	 R.	 P.	 (2004).	 The	 evolution	 of	 supertrees.	 Trends 





Blomberg,	 S.	 P.,	Garland,	 T.,	&	 Ives,	A.	 R.	 (2003).	 Testing	 for	 phyloge‐
netic	 signal	 in	 comparative	 data:	 Behavioral	 traits	 are	more	 labile.	





Currie,	D.	 J.,	&	Francis,	A.	P.	 (2004).	Taxon	richness	and	climate	 in	an‐
giosperms:	Is	there	a	globally	consistent	relationship	that	precludes	
region	effects?	Reply.	The American Naturalist,	163,	780–785.
Currie,	 D.	 J.,	 Mittelbach,	 G.	 G.,	 Cornell,	 H.	 V.,	 Field,	 R.,	 Guegan,	 J.	
F.,	Hawkins,	 B.	A.,	…	Turner,	 J.	 R.	G.	 (2004).	 Predictions	 and	 tests	
of	 climate‐based	 hypotheses	 of	 broad‐scale	 variation	 in	 tax‐
onomic	 richness.	 Ecology Letters,	 7,	 1121–1134.	 https://doi.
org/10.1111/j.1461‐0248.2004.00671.x
Currie,	D.	 J.,	&	Paquin,	V.	 (1987).	Large‐scale	biogeographical	patterns	
of	 species	 richness	 of	 trees.	 Nature,	 329,	 326–327.	 https://doi.
org/10.1038/329326a0
Deng,	 M.,	 Jiang,	 X.‐L.,	 Hipp,	 A.	 L.,	 Manos,	 P.	 S.,	 &	 Hahn,	 M.	 (2018).	
Phylogeny	and	biogeography	of	East	Asian	evergreen	oaks	(Quercus	






International Journal of Plant Sciences,	170,	926–940.
Denk,	T.,	&	Grimm,	G.	W.	(2010).	The	oaks	of	western	Eurasia:	Traditional	
classifications	 and	 evidence	 from	 two	 nuclear	 markers.	 Taxon,	 59,	
351–366.	https://doi.org/10.1002/tax.592002
Denk,	 T.,	Grimsson,	 F.,	&	Zetter,	 R.	 (2010).	 Episodic	migration	 of	 oaks	
to	 Iceland:	 Evidence	 for	 a	North	Atlantic	 “Land	Bridge”	 in	 the	 lat‐




World	biogeographic	links.	Review of Palaeobotany and Palynology,	
169,	7–20.	https://doi.org/10.1016/j.revpalbo.2011.09.010
Dutilleul,	P.,	Clifford,	P.,	Richardson,	S.,	&	Hemon,	D.	(1993).	Modifying	
the	 t	 test	 for	 assessing	 the	 correlation	 between	 two	 spatial	 pro‐
cesses.	Biometrics,	49,	305–314.	https://doi.org/10.2307/2532625
Felsenstein,	 J.	 (1973).	 Maximum‐likelihood	 estimation	 of	 evolution‐





Fisher,	 J.	 B.,	 Whittaker,	 R.	 J.,	 &	 Malhi,	 Y.	 (2011).	 ET	 come	 home:	
Potential	 evapotranspiration	 in	 geographical	 ecology.	 Global 











&	Thomas,	M.	(2011).	World checklist of Fagaceae.	Facilitated	by	the	
Royal	 Botanic	 Gardens,	 Kew.	 Retrieved	 from	 http://apps.kew.org/
wcsp/
Guo,	 Q.,	 &	 Ricklefs,	 R.	 E.	 (2000).	 Species	 richness	 in	 plant	 genera	
disjunct	 between	 temperate	 eastern	 Asia	 and	 North	 America.	













Hipp,	 A.	 L.,	Manos,	 P.	 S.,	 González‐Rodríguez,	 A.,	 Hahn,	M.,	 Kaproth,	
M.,	McVay,	J.	D.,	…	Cavender‐Bares,	J.	(2018).	Sympatric	parallel	di‐
versification	of	major	oak	clades	in	the	Americas	and	the	origins	of	







ment	 in	 Eastern	North	America	 during	 the	 Last	Glacial	Maximum.	
Quaternary Science Reviews,	19,	 489–508.	 https://doi.org/10.1016/
S0277‐3791(99)00093‐1







Kissling,	W.	 D.,	 &	 Carl,	 G.	 (2008).	 Spatial	 autocorrelation	 and	 the	 se‐
lection	 of	 simultaneous	 autoregressive	models.	Global Ecology and 
Biogeography,	17,	59–71.
Latham,	R.	 E.,	&	Ricklefs,	 R.	 E.	 (1993).	Global	 patterns	 of	 tree	 species	
richness	in	moist	forests:	Energy‐diversity	theory	does	not	account	
for	 variation	 in	 species	 richness.	 Oikos,	 67,	 325–333.	 https://doi.
org/10.2307/3545479
Latham,	R.	E.,	Ricklefs,	R.	E.,	&	Schluter,	D.	(1994).	Continental	compar‐
isons	 of	 temperate‐zone	 tree	 species	 diversity.	 In	 R.	 Ricklefs	&	D.	
Schluter	 (Eds.),	 Species diversity in ecological communities: Historical 
and geographical perspectives	(chapter	26,	pp.	294–314).	Chicago,	IL:	
University	of	Chicago	Press.





Fagaceae:	Tracking	 the	 tertiary	history	of	 temperate	and	subtropi‐





Tibetan	Plateau.	Annual Review of Earth and Planetary Sciences,	38,	77–
102.	https://doi.org/10.1146/annurev‐earth‐040809‐152456
Munkemuller,	T.,	Lavergne,	S.,	Bzeznik,	B.,	Dray,	S.,	Jombart,	T.,	Schiffers,	
K.,	 &	 Thuiller,	 W.	 (2012).	 How	 to	 measure	 and	 test	 phylogenetic	
signal.	 Methods in Ecology and Evolution,	 3,	 743–756.	 https://doi.
org/10.1111/j.2041‐210X.2012.00196.x
Nixon,	 K.	 C.	 (1997).	 Fagaceae.	 In	 Flora	 of	 North	 America	 Editorial	
Committee	(Eds.),	1993+ Flora of North America North of Mexico. 20+ 
vols	(Vol.	4,	pp.	314–400).	New	York	and	Oxford.
O’Brien,	 E.	 M.	 (1998).	 Water‐energy	 dynamics,	 climate,	 and	 pre‐
diction	 of	 woody	 plant	 species	 richness:	 An	 interim	 gen‐
eral model. Journal of Biogeography,	 25,	 379–398.	 https://doi.
org/10.1046/j.1365‐2699.1998.252166.x
O’Brien,	 E.	 M.	 (2006).	 Biological	 relativity	 to	 water‐energy	 dy‐
namics.	 Journal of Biogeography,	 33,	 1868–1888.	 https://doi.
org/10.1111/j.1365‐2699.2006.01534.x




Paradis,	 E.,	Claude,	 J.,	&	Strimmer,	K.	 (2004).	APE:	Analyses	of	 phylo‐
genetics	 and	 evolution	 in	R	 language.	Bioinformatics,	20,	 289–290.	
https://doi.org/10.1093/bioinformatics/btg412
Prothero,	D.	R.	 (1994).	The	Late	Eocene‐Oligocene	extinctions.	Annual 
Review of Earth and Planetary Sciences,	 22,	 145–165.	 https://doi.
org/10.1146/annurev.ea.22.050194.001045
Qian,	 H.	 (2002).	 Floristic	 relationships	 between	 Eastern	Asia	 and	North	
America:	 Test	 of	 Gray’s	 hypothesis.	 The American Naturalist,	 160,	
317–332.
Qian,	H.,	Jin,	Y.,	&	Ricklefs,	R.	E.	(2017).	Phylogenetic	diversity	anomaly	
in	 angiosperms	between	 eastern	Asia	 and	 eastern	North	America.	






versus	elevation.	Trends in Ecology and Evolution,	31,	738–741.	https://
doi.org/10.1016/j.tree.2016.07.012
R	Core	Team.	 (2018).	R: A language and environment for statistical com-
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved	from	https://www.R‐project.org/.
Rahbek,	C.,	&	Graves,	G.	R.	(2001).	Multiscale	assessment	of	patterns	of	






El	género	quercus	(Fagaceae)	en	el	estado	de	méxico.	Annals of the 
Missouri Botanical Garden,	89(4),	551–593.	
Ricklefs,	R.	E.	 (1987).	Community	diversity—Relative	 roles	of	 local	and	
regional	processes.	Science,	235,	167–171.	https://doi.org/10.1126/
science.235.4785.167
Ricklefs,	 R.	 E.	 (2004).	 A	 comprehensive	 framework	 for	 global	 pat‐
terns	 in	 biodiversity.	 Ecology Letters,	 7,	 1–15.	 https://doi.
org/10.1046/j.1461‐0248.2003.00554.x
Ricklefs,	R.	E.,	&	He,	F.	L.	(2016).	Region	effects	influence	local	tree	spe‐





Ricklefs,	 R.	 E.,	 Qian,	 H.,	 &	White,	 P.	 S.	 (2004).	 The	 region	 effect	 on	
mesoscale	 plant	 species	 richness	 between	 eastern	 Asia	 and	
eastern	 North	 America.	 Ecography,	 27,	 129–136.	 https://doi.
org/10.1111/j.0906‐7590.2004.03789.x
Ricklefs,	 R.	 E.,	 &	 Renner,	 S.	 S.	 (1994).	 Species	 richness	 within	 fam‐





Tews,	 J.,	 Brose,	 U.,	 Grimm,	 V.,	 Tielbörger,	 K.,	 Wichmann,	 M.	 C.,	
Schwager,	M.,	&	 Jeltsch,	F.	 (2004).	Animal	 species	diversity	driven	
by	 habitat	 heterogeneity/diversity:	 The	 importance	 of	 key‐
stone	 structures.	 Journal of Biogeography,	 31,	 79–92.	 https://doi.
org/10.1046/j.0305‐0270.2003.00994.x
Trabucco,	A.,	Zomer,	R.	J.,	Bossio,	D.	A.,	van	Straaten,	O.,	&	Verchot,	L.	V.	
(2008).	 Climate	 change	 mitigation	 through	 afforestation/reforesta‐
tion:	A	 global	 analysis	 of	 hydrologic	 impacts	with	 four	 case	 studies.	








models	 of	woody	plant	 diversity	 in	China.	Proceedings of the Royal 









of	Hawkins	 et	 al.	 (2003)	 using	 European	 data	 for	 five	 taxa.	Global 
Ecology and Biogeography,	16,	76–89.
1066  |     XU et al.
Wiens,	 J.	 J.,	 Ackerly,	 D.	 D.,	 Allen,	 A.	 P.,	 Anacker,	 B.	 L.,	 Buckley,	
L.	 B.,	 Cornell,	 H.	 V.,	 …	 Stephens,	 P.	 R.	 (2010).	 Niche	 con‐
servatism	 as	 an	 emerging	 principle	 in	 ecology	 and	 conser‐
vation	 biology.	 Ecology Letters,	 13,	 1310–1324.	 https://doi.
org/10.1111/j.1461‐0248.2010.01515.x
Wiens,	J.	J.,	&	Donoghue,	M.	J.	(2004).	Historical	biogeography,	ecology	
and	 species	 richness.	Trends in Ecology and Evolution,	19,	 639–644.	
https://doi.org/10.1016/j.tree.2004.09.011
Wu,	Z.,	Raven,	P.	H.,	&	Hong,	D.	(1999).	Flora of China, vol. 4 (Cycadaceae 






Xing,	 Y.,	 &	 Ree,	 R.	 H.	 	 (2017).	 Uplift‐driven	 diversification	 in	 the	
Hengduan	Mountains,	a	temperate	biodiversity	hotspot.	Proceedings 
of the National Academy of Sciences,	114,	E3444–E3451.
Xu,	X.,	Wang,	Z.,	Rahbek,	C.,	Lessard,	J.‐P.,	&	Fang,	J.	(2013).	Evolutionary	
history	influences	the	effects	of	water–energy	dynamics	on	oak	di‐
versity	 in	Asia.	Journal of Biogeography,	40,	2146–2155.	https://doi.
org/10.1111/jbi.12149
Xu,	X.,	Wang,	Z.,	Rahbek,	C.,	Sanders,	N.	J.,	&	Fang,	J.	(2016).	Geographical	
variation	 in	 the	 importance	 of	water	 and	 energy	 for	 oak	 diversity.	
Journal of Biogeography,	 43,	 279–288.	 https://doi.org/10.1111/
jbi.12620
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.				
How to cite this article:	Xu	X,	Dimitrov	D,	Shrestha	N,	Rahbek	
C,	Wang	Z.	A	consistent	species	richness–climate	relationship	
for	oaks	across	the	Northern	Hemisphere.	Global Ecol Biogeogr. 
2019;28:1051–1066. https://doi.org/10.1111/geb.12913
BIOSKETCHES
Dr Xiaoting Xu	 is	 an	 associate	 professor	 at	 Sichuan	University,	
China.	She	is	interested	in	understanding	the	origin,	maintenance	
and	conservation	of	biological	diversity.
Zhiheng Wang	has	interests	in	macroecology	and	biogeography,	
particularly	the	ecological	and	evolutionary	mechanisms	under‐
lying	large‐scale	species	richness	patterns	and	the	impacts	of	cli‐
mate	change	on	species	distributions.
